As part of a programme to integrate the genetic and physical chromosome maps of Brassica oleracea we have carried out fluorescence in situ hybridization (FISH) to mitotic and meiotic chromosomes of B. oleracea var. alboglabra, using repeat sequence DNA probes. We have confirmed that there are three 18S-5.8S-25S rDNA sites in the haploid genome and accurately determined their locations for the first time; two occur subtelomerically on the short arms of the two satellited acrocentric chromosomes (chromosomes 4 and 7), whereas the third site is adjacent to the centromere on the short arm of a large submetacentric chromosome (chromosome 2). 5S rDNA sequences are located on the long arm of this same chromosome, with closely adjacent major and minor loci. A highly repeated sequence (pBcKB4) colocalizes with the pericentromeric heterochromatin on all chromosomes, but six chromosomes exhibit very strong signals whereas the remaining three show only weak signals. The construction of a partial karyotype for B. oleracea var. alboglabra, based on several major cytogenetical landmarks provided by FISH localization of repetitive DNA sequences, provides a valuable framework for the future physical mapping of nonrepetitive sequences.
Introduction
One of the goals of investigating the genomes of important crop species such as Brassica oleracea is the integration of genetic maps constructed by RFLPs and PCR-based markers with corresponding physical maps produced by karyotype analysis and cytogenetical determination of the positions of DNA sequences on chromosomes.
The chromosome number of B. oleracea (2n = 18) was established by Morinaga (1934) . Further analysis by U (1935) established the relationship between B. oleracea, B. campestris and B. nigra and their amphidiploids, and is widely known as U's triangle. Pachytene analysis of the three basic diploid species was carried out by Röbbelen (1960) who described pachytene chromosome structure and characterized the karyotypes on the basis of structural characteristics of total chromosome length, symmetry of the arms and the shape of the heterochromatic pericentromere regions. He found that the largest chromosome of B. oleracea was twice the size of the smallest with the remaining chromosomes showing a gradation of lengths. He classified them into one very long chromosome, five long chromosomes, two medium chromosomes and one short chromosome. The arm ratios classified the haploid karyotype into six metacentric chromosomes, two submetacentric and one 'subterminal' (acrocentric) chromosome with a satellite, which was described as the nucleolar chromosome. Olin-Fatih & Heneen (1992) described the karyotype of B. oleracea var. acephala cv. Hammenhögs extra krusbladiga, and grouped it into four 'median' (metacentric), four 'submedian' (submetacentric) and one 'subterminal' (acrocentric) pair. Like Röbbelen, they identified a single satellited nucleolus organizing chromosome and placed it in the submetacentric group. Cheng et al. (1995) published a revised karyotype for B. alboglabra including three 'median', four 'submedian' and two 'subterminal' chromosomes. This revision excluded the satellite of the nucleolar chromosome in the calculation of the centromeric index and thus altered the classification of this nucleolar chromosome from the submedian group to the subterminal group Investigations of the mitotic karyotype, produced from root-tip preparations, are limited by the small size of the Brassica chromosomes indicated by the haploid 1C genome size of 0.8 pg (Bennett & Leitch, 1995) , which makes it difficult to identify chromosomes especially following metaphase accumulation by spindle inhibitors. Preparations of Brassica chromosomes from anthers have a number of advantages over root-tip preparations. First, synchronous mitotic divisions of tapetal cells can produce good quality elongated metaphase and prometaphase chromosomes which have not been blocked by spindle inhibitors. Secondly, meiotic prophase I chromosomes from pollen mother cells (PMCs) are much more extended than mitotic chromosomes and also have specific and clear chromomere patterns. Thus they should provide better material for the development of a physical map based on in situ hybridization of molecular markers (Shen et al., 1987; Albini & Schwarzacher, 1992; Xu & Earle, 1996) . Finally, other stages of meiosis, for example diakinesis, can provide useful information about chiasma distribution and frequency, which can be used to derive genetic distances for marked chromosomes.
The development of fluorescent in situ hybridization (FISH) has meant that it is possible to locate DNA sequences directly on chromosomes to produce physical chromosome maps. Earlier studies have established the numbers, but not the positions of loci, for 18S-5.8S-25S (45S) and 5S rDNA, and also analysed a repetitive DNA present in pericentromeric heterochromatin of Brassica mitotic chromosomes (Maluszynska & Heslop-Harrison, 1993; Harrison & Heslop-Harrison, 1995; Brandes & Heslop-Harrison, 1996) . In this paper we determine, for the first time, the chromosomal positions of 45S rDNA and 5S rDNA sequences for Brassica oleracea var. alboglabra, which figures importantly as a parent in one of the current B. oleracea genetic mapping populations.
Materials and methods

Plant materials
Brassica oleracea var. alboglabra line DHdA12 is a genetically homozygous doubled-haploid line derived from B. oleracea var. alboglabra by microspore culture . This line has the advantages of a short generation time and selfcompatibility. Also, it is a relatively erect and robust plant unlike other short-cycle Brassicas. Line DHdA12 is a parent in a series of genetical mapping exercises (including Ramsay et al., 1996) which is a further justification for the choice of this line for molecular cytogenetic analysis. The plants were grown under normal conditions in a glasshouse.
Fixation
Flower buds were taken from plants and carefully dissected under a stereo-microscope. Single anthers from individual buds in the size range 0.5-2 mm were removed and the meiotic stages of single anthers checked by lacto-proprionic orcein squashing. The remaining anthers were fixed in Carnoy's fixative (6 parts ethanol: 3 parts chloroform: 1 part glacial acetic acid) at room temperature and stored at 4°C for up to 6 months.
Preparation of slides
The method of Zhong-Xiao- Bo et al. (1996) for spreading PMCs was modified for Brassica material as follows: anthers were removed from Carnoy's fixative and placed in 3:1 fixative (ethanol: glacial acetic acid) for 10 min. This fixative was replaced twice more, in order to remove all traces of chloroform, which affects the efficiency of the enzymes in the next stage. The anthers were washed three times for 5 min in citrate buffer (10 mM, pH 4.5) and then digested in enzyme mixture 0.3% (w/v) cellulase, 0.3% (w/v) pectinase and 0.3% cytohelicase (w/v) (Sigma) in 10 mM citrate buffer pH 4.5 for 2-3 h in a moist chamber at 37°C. Enzyme digestion was stopped by replacing the enzyme solution with cold distilled water. The anthers were then placed on ice. A single anther was placed on a glass slide and 20 L of 60% acetic acid added. The anther was broken up with a fine needle and the slide placed on a hot block (45°C) for 1 min. After this time the slide was placed on a bench and the material fixed by adding cold 3:1 ethanol acetic fix (200 L) initially in a circle around the acetic acid drop, until the fixative and acetic acid were thoroughly mixed. The slide was tilted, flushed with fresh fixative and then air-dried and stored with desiccant at 20°C for up to 6 months.
Probes
The following DNA clones were used in FISH experiments.
(I) Clone pTa71 (Gerlach & Bedbrock, 1979) containing a 9 kb EcoRI fragment of Triticum aestivum L. consisting of the 18S-5.8S-25S rRNA genes and the nontranscribed intergenic spacer regions.
(II) Plasmid pCT 4.2 containing a 500 bp 5S rDNA insert cloned from Arabidopsis thaliana (ABRO USA).
(III) Plasmids pBoKB1 derived from B. oleracea and pBcKB4 derived from B. campestris containing repetitive DNA clones from the pericentromeric heterochromatin (Harrison & Heslop-Harrison, 1995) .
Plasmids I and II were grown and DNA extracted by the method of Sambrook et al. (1989) . Inserts from pBoKB1 and pBcKB4 were amplified by PCR using Pharmacia M13 primers. The DNA sequences pCT 4.2 and pTa71 were labelled with biotin-dUTP or FITC dUTP by nick translation using the protocol of the manufacturer (Boehringer Mannheim). The probes pBoBK1 and pBcBK4 were labelled by a second PCR incorporating biotin-dUTP.
In situ hybridization
Fluorescence in situ hybridization was carried out according to the method described by Fransz et al. (1996) , with the following additions: before the paraformaldehyde fixation step, slides were incubated in 0.01 g pepsin in 100 mL of 0.01 M HCl for 10 min at 37°C and then washed three times in 2 SSC for 5 min Between 50 and 100 ng of probe were used for each slide, made up to 20 L in hybridization fluid containing 50% deionized formamide, 2 SSC and 10% dextran sulphate.
The probe mixture was applied to the slide and sealed under a 22 22 mm coverslip using vulcanizing solution. The slide was placed on a hot block at 75°C for 4 min, which denatured the target DNA and probe simultaneously, and hybridized overnight at 37°C in a damp chamber.
Posthybridization washes were performed as described by Fransz et al. (1996) . Detection of biotin-labelled probes by Texas Red antiavidin and amplification by biotin-conjugated goat antibody was according to manufacturer's instructions (Vector). FITC-labelled probes were amplified by a FITC detection system according to manufacturer's instructions (Cambio).
Slides were counterstained with DAPI (1 g/mL) in Vectashield antifade mounting medium (Vector).
Photomicroscopy
Slides were examined by means of a Nikon Eclipse T300 microscope. Capture and analysis of images was achieved using an image analysis system (Vysis Ltd).
Karyotype analysis
Twenty good-quality mitotic metaphases, probed with either 45S or 45S and 5S rDNA and counterstained with DAPI were selected for measurements of the karyotype. The captured metaphases were measured directly on the screen. The chromosome relative lengths (% of haploid complement) and centromeric indices (short arm/total chromosome length 100) were calculated for each metaphase. The lengths of the satellites were excluded following the practice in karyotype construction in other species such as Allium (de Vries et al., 1990) 
Results
FISH
All the probes used in this study were successfully applied both to meiotic stages and mitotic chromosomes from B. oleracea anthers.
Clone pTa71 (45S rDNA) hybridized to three loci on three different mitotic metaphase chromosomes. Two of these loci are near the short-arm ends of the two acrocentric chromosomes in the complement (nominally 4 and 7), coinciding with the positions of secondary constrictions in DAPI-stained preparations. In var. alboglabra, there is an obvious differ- ence in the copy number of the 45S rDNA between chromosome 4 (small signal) and chromosome 7 (large signal). The third locus is situated in the middle of the short arm of a large submetacentric chromosome (nominally chromosome 2) with a signal size similar to that on chromosome 4 (Fig. 1a,b) . In diakinesis/metaphase I stages the three hybridization signals can be seen associated with three different bivalents (Fig. 1d) .
5S rDNA is located just distal to the centromere in the long arm of the largest submetacentric chromosome (nominally chromosome 2) (Fig. 1b) . Although only a single locus is generally observed in mitotic preparations, in pachytene preparations the chromosomes are much longer and 5S rDNA can be seen to have two closely adjacent major and minor loci (Fig. 1c) . In pachytene spreads clumping of the pericentromeric heterochromatin (DAPI bright regions) can be seen to form a synizetic knot. pBoKB1 and pBcKB4 gave signals at sites which colocalized with the DAPI bright pericentromeric heterochromatin. The pBoKB1 signals were relatively weak (not shown) compared to pBcKB4 which gave clear signals on six chromosome pairs, whereas three pairs labelled only very weakly and can only be detected using a single bypass filter for Texas Red in mitotic spreads and at diakinesis (Fig. 1d,e) . The signals covered the entire pericentromeric regions.
Karyotype
A partial karyotype of B. oleracea var. alboglabra (Fig. 2) , was constructed based on measurements of 20 good-quality tapetal mitotic metaphases (Table 1) , which had been hybridized with 45S rDNA alone or both 45S and 5S rDNA and counterstained with DAPI (Fig. 1a,b) . The largest chromosome is approximately twice the length of the smallest, whereas the remainder show a gradation of lengths in between these extremes. The combination of length rank position, centromere location and repetitive DNA markers allows several of the chromosomes to be identified with some confidence from DAPI-stained preparations hybridized with the 45S probe. Three chromosomes, can be positively identified by virtue of their 45S rDNA loci and their modal rank positions are 2, 4 and 7. Chromosomes 4 and 7 can be further distinguished by the size of the rDNA signal. However, it is clear that these marked chromosomes do not always occupy these rank positions; they are merely the modal rank positions. This illustrates the need for caution in attempting to identify the other, unmarked, chromosomes. Chromosome 1 can be identified with some confidence because chromosome 2, which carries a 45S rDNA cluster, hardly ever (1/20) ranked as the largest chromosome and in addition is distinctly submetacentric (mean CI 30.93<3.59). Rank position chromosome 3 lies in between two 45S rDNAmarked chromosomes (2 and 4), which therefore gives some confidence in identifying this chromosome. However, some chromosomes (e.g. 5 vs. 6; 8 vs. 9) are sufficiently similar to have a significant risk of misclassification through 'reversal of order' (Matérn & Simak, 1968) . The development of appropriate FISH probes should eliminate these uncertainties, which is of course one of the principal aims of this study. Pachytene chromosomes were found to be particularly useful in that they are very extended compared to mitotic chromosomes and they reveal clear chromomere patterns. On the other hand, there is a tendency for a synizetic knot to form at this stage which involves clumping of the pericentromeric heterochromatin and thus prevents resolution of individual chromosomes. However, well-spread pachytene preparations gave good resolution of distal chromosome regions protruding from the pachytene clumps.
Discussion
Anther preparations were shown to provide a number of advantages for chromosome analysis in B. oleracea compared to conventional root-tip preparations. In addition to pachytene stage PMCs with extended bivalents, they produce large quantities of mitotic chromosomes of good morphology from tapetal cells. In the B. oleracea var. alboglabra plants that we examined, tapetal cell divisions appear to be most frequent at zygotene, and disappear rapidly as pachytene progresses.
Following our procedure of excluding the satellites from the measurements, we found that there were seven metacentric/submetacentric pairs and two pairs of satellited acrocentric chromosomes. There is little correspondence between the chromosome numbering that we propose and that put forward by Olin-Fatih & Heneen (1992) and Cheng et al. (1995) , because our numbering is based on ranked lengths only, whereas they grouped the chromosomes according to centromere position.
Pachytene chromosomes provide good chromomere patterns, particularly at telomeric regions, which should be particularly useful to unite chromosome maps and genetic maps in this species. Such an approach has been demonstrated for meiotic chromosomes in the tomato (Xu & Earle, 1995 . In addition, extended prophase I chromosomes give a higher resolution of closely adjacent sites which can be detected by FISH. The two adjacent 5S rDNA loci can be more clearly resolved in pachytene chromosome preparations. The use of pachytene preparations in order to resolve DNA target sites for loci that are close together in a chromosomal subregion has previously been reported for human loci (Bello et al., 1989 , Hultén & Armstrong, 1994 . FISH provides an efficient method for identifying the number and physical location of repeated sequences. We have confirmed the presence of three loci for 45S rDNA in B. oleracea previously described by Maluszynska & HeslopHarrison (1993) and Snowdon et al. (1997) and described by these authors as two 'major' and one, barely detectable, 'minor' sites. Snowdon et al. failed to find a third locus in metaphases but showed a small signal in interphase cells. Although we observed differences in the sizes of these loci in our cultivar, not even the smallest signal could be described as a 'minor' site. More importantly, we have determined the chromosomal positions of these loci. Two occur subtelomerically in the short arms of the acrocentric chromosomes and the third locus has been placed in the short arm of the largest submetacentric chromosome, close to the centromere.
In most organisms, the bulk of the 5S rDNA is organized into tandem arrays found at a small number of chromosomal locations (Long & Dawid, 1980) . We observed two closely adjacent 5S rDNA sites in B. oleracea var. alboglabra, located near to the centromere in the long arm of the largest submetacentric chromosome. Although two loci have been reported for this gene by Brandes & Heslop-Harrison (1996) , they did not determine their positions, and so this is the first report of 5S rDNA location for B. oleracea.
The probe for a pericentromeric heterochromatinassociated repeated DNA sequence isolated from B. oleracea was found to give only a weak FISH signal on our alboglabra material. On the other hand, the probe for a pericentromeric heterochromatin-associated repeat derived from B. campestris gave very clear signals on six chromosomes and weaker signals on three chromosomes. This distribution is slightly different from that observed by Harrison & HeslopHarrison (1995) , who found seven pairs of sites in B. oleracea with the probe pBcKB4. The variation observed with regard to 45S rDNA loci and the pericentromeric repeat probe may be associated with the cultivar B. oleracea var. alboglabra examined by us in comparison to the cultivar Savoy cabbage Sabanda (Acc. no. OB420) (Maluszynska & HeslopHarrison, 1993) and B. oleracea cv. BrauncschWeiger (Snowdon et al., 1997) for 45S rDNA and cultivar Dwarf green curled for pBcKB4 (Harrison & Heslop-Harrison, 1995) .
In conclusion, it is clear from the results that we have obtained to date, that FISH will prove an ideal tool with which to integrate the cytological and genetical maps of B. oleracea. The karyotyping exercise reported in this paper, together with the localization by FISH of repeated DNA sequences, has resulted in a basic framework for further physical mapping (Fig. 2) . Currently, we are in the process of developing the technology required to exploit low copy number and unique sequences in order to integrate fully genetic maps (e.g. Howell et al., 1996; Ramsay et al., 1996) with the physical chromosome map. This is of particular importance in the case of Brassica species, where a plethora of independent numbering systems has developed for both chromosomes and linkage groups. We will adopt the nomenclatural framework of Sharpe et al. (1995) and Parkin et al. (1995) , which provides a standard set of designations for both the linkage groups of B. napus (N1-N19) and those of the component B. rapa and B. oleracea genomes.
